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Imaging of neuronal processes in the rodent brain:





We compare two methods to image molecule distributions in the brain: high resolution small animal Single-Photon Emission Computed Tomography (SPECT) (a 4D in vivo method) and autoradiography (ARG) (a high resolution 2D slice based ex vivo method). Which technique or combination of these techniques to use can only be determined by considering the specific task at hand. Principles, merits, pitfalls and limitations of each method are discussed, with emphasis on spatial resolution, temporal resolution, sample size, possible application areas, available molecules and labels, potential to reduce animal usage and complementary usage. 

Introduction




Small Animal SPECT systems





Principles of multi pinhole SPECT
A SPECT scanner is build up of several important parts: the collimator, the detector (often equipped with a NaI scintillation crystal), and together with appropriate image reconstruction software  they make it possible to image distributions of molecules that are labelled with a gamma-emitting radionuclide.11 An old principle in SPECT imaging which is going through a revival is pinhole SPECT. The basic principle behind pinhole imaging is represented in image 1.4 
To be able to image part of the body of an animal or human, the radio-labelled molecules must be injected or otherwise inserted into the body. Once the radio-isotope decays, γ-rays are emitted from the molecule and the collimator is the first part of the scanner that these rays encounter. Most of the γ-rays will be absorbed by the radiation-absorbing wall of the collimator. Only those γ-rays which are emitted from the source at the correct place and angle will be able to navigate through one of the narrow pinholes.11 It is necessary to select  γ-rays with known travelling direction with a collimator because it is the only way to get the needed spatial information for the reconstruction of the image. However, this is done at the cost of a lot of γ-rays, because they are absorbed by the collimator.12 
The rays that made it through the collimator holes can interact with the scintillation crystal. Because of the relative large distance between the pinhole and the crystal the image is magnified which is useful because this reduces the effects of limited detector resolution. The pinhole also causes the image to flip upside-down and switch left-to-right, as is shown in figure 1.4 
The crystal will convert interacting γ-rays into light photons. However, a small fraction of γ-rays can also pass the crystal without interacting. Each γ-ray that has a photoelectric or Compton interaction with the crystal will produce a limited number of light photons,13 which together will produce a light flash that is typically detected by an array of photomultiplier tubes (PMTs) behind the crystal.11 Each PMT transforms photons into an electric signal which subsequently can be processed by electronics and a computer in order to determine the interaction position .14 
The production of multiple light photons caused by one γ-particle will cause blurring, because the light photons spread out in the crystal on their way to the PMTs resulting in a small blob of light instead of a single point. The width of the blob caused by a pencil γ-beam is known as the intrinsic camera resolution, denoted as Ri.4 The divergence of the light photons results in position uncertainty of the detected scintillation light flash.4 
The magnification of the image is determined by the ratio of the distance between the source of the γ-rays and the collimator and the distance between the collimator and the detector, as depicted in figure 1.4 If the distance between the collimator and the detector is five times the distance between the source and the collimator, the image will be five times magnified. This increases the spatial resolution, because when the image is de-magnified to the original size of the source it is not smoothed by the amount of Ri, but only by 1/5th part of Ri. Thus, intrinsic camera blurring is reduced by magnifying the image.4 
The fraction of γ-rays that are actually detected is known as the sensitivity, if more γ-rays are detected this will increase the quality of the image. Placing the source of the γ-rays close to the pinhole will dramatically increase the sensitivity because more γ-rays are able to pass the collimator.11, 15 If there are more pinholes in a collimator or the pinholes are wider this will also increase sensitivity.16 Using multiple detectors surrounding the animal will also have this effect and will also increase the temporal resolution because multiple measurements can be taken at the same time.4, 16  Therefore, for the best result, the distance between the collimator and the detector (L2 in figure 1A) needs to be large while the source needs to be very close to the collimator (L1 in figure 1A).15 
As can be seen in figure 1B, the diameter of the pinhole doesn’t just affect the sensitivity, but also the spatial resolution of the image. The diameter of the upper pinhole in figure 1B is small and as a result the collimator is very selective. This creates a high resolution, as can be seen in the ‘image’ on the right side. However, the pinhole in the lower picture of 1B is much wider, resulting in an overlap of the images (the grey area in the image on the right side) produced by the γ-rays from the two point sources. This reduces the resolution, but increases sensitivity because more γ-rays can pass the pinhole. The edge of the pinhole can also be penetrated by γ-rays, therefore the physical diameter is smaller then the effective diameter of the pinhole. γ-rays with high energy have a greater ability to penetrate the edge of the pinhole and are also more difficult to stop with the crystal, while lower energy reduces the chance of the γ-rays to leave to body.15 
At this moment the highest sensitivity in small animal SPECT is about 0.18%10 and the highest spatial resolution is 350 um.10
The field of view (FOV) is also an important property of SPECT imaging. When the object is moved closer to the pinhole this will reduce the FOV because the area in the object from which the γ-rays can pass the pinhole is reduced, which is problematic if the object of interest is larger then the resulting FOV.17 This problem can be solved by using multiple pinholes which together cover a larger area then a single pinhole could.4 If multiple pinholes are used this can cause an overlap in their projections, known as multiplexed projections. Overlapping projections increase sensitivity, but information gathered from each photon can be lost due to overlap because of the ambiguity of the information in each detector pixel.4  Irregular aperture configuration can be used to reduce the occurrence of multiplexing artifacts (ghost objects) when projections overlap.18 Removal of overlap will increase the value of the useful sensitivity, especially in the central part of the FOV this will increase contrast-to-noise-ratio (CNR). The CNR on the edges of the FOV will decrease because the loss of sensitivity has a bigger impact in those voxels.19 
A new approach to small animal SPECT imaging is skew-slit collimation.20 Compared to pinholes, these collimators offer larger image magnification in the transaxial direction, better image resolution and reduced imaging artefacts. However, attenuation, scattering, blurring and noise have not been compared yet.
To be able to reconstruct a 3D image of the object, the γ-rays need to be imaged from multiple angels. The information present in 2D images can later be used to make a 3D image. Thus, either the detector(s) or the animal needs to be rotated. The rotation of the detector (which is very heavy) will cause the focus of the detector to shift, which reduces spatial resolution even if the shift is minimal. Therefore preference is given to moving the animal, which can be done in three directions (x,y,z), either horizontally or vertically.13 The systems where the animal is moved are called stationary systems. 
There are several methods to reconstruct the 3D image from the raw data. Analytical methods are known for their computational speed, but statistical algorithms (for instance the maximum likelihood expectation maximization (ML-EM)) produce images with less noise, better resolution and higher quantitative accuracy in complicated pinhole and detector arrangements.4 Iterative statistical reconstructions, like ML-EM, try to estimate the amount of radioactive tracer present in each volume element (voxel) of the object by repeatedly applying a set of operations which each time gets the estimation closer to the true amount of tracer. For this process, a matrix of values for the relationship between each voxel in the object and each picture element (pixel) in each detector is needed. This matrix is different for each SPECT system and therefore needs to be determined per system. This matrix and the entire set of measured projection pixels are used to solve the activity distribution in the object. During an ML-EM iterative reconstruction the estimate of the activity distribution is used to generate an estimate of its projection, which is compared to the actual projection data to calculate an object error map. This is then used to update the estimated activity distribution. When the estimated projection is close to the actual projection data the estimated activity distribution should be close to the actual activity distribution. When this process is finished, the estimated values can be visualized. But before this can be done, the generation of estimated projections and estimated activity distributions often needs to be repeated hundreds of times.       






Imaging the brain of an animal is only possible when the position of the head relative to the scanner is either fixed or can be closely monitored and controlled for. The easiest and most common way to achieve this is anesthetizing the animal. There are several anaesthetics which can be used. However, anaesthesia influences the physiology of the animal and especially influences processes in the brain. This can interfere with the experiment, which is undesirable.13 Therefore other solutions have been developed, where conscious animals can be studied, especially with Positron Emission Tomography (PET).21-23
Animals can be restrained in their movements by physical fixation, but this will cause a high amount of stress. Ethical problems will prevent the usage of this technique for most research and the stress reaction of the animal can also influence the experiment, which annuls the advantage over anaesthesia. A more friendly way to restrain movement of the conscious animal is a technique where the animal is placed in an opaque tube. The environment will cause the animal to lie still and any remaining movement can be monitored and corrected for.24 A third option is a portable scanner which can be placed on the head of the animal. This technique is already known in animal PET studies.25 However, the development of such an apparatus for SPECT could be hard because the collimators are large and heavy. 
Another aspect which can cause problems in animal imaging studies using radiation is the effect of the radiation on the animals, especially during longitudinal studies. The voxels of animal studies need to be smaller then those in human studies because the areas of interest are smaller. Therefore, when the proportion of radiation per mass unit is equal for animals and humans, the number of detected photons in the animal studies is much lower, but the sensitivity is higher compared to human studies because the pinholes compensate for the smaller amount of photons. Sometimes a relative high radiation dosage is needed for animal research, especially in SPECT studies and high doses of radiation can be dangerous and can influence the physiology of the animal, which can interfere with the experiment.16, 26 For instance, during tumour research the radiation could take on a therapy function instead of merely being a tracer. 
Another problem with administering radiopharmaceuticals is the volume of the solution to be injected. Because small animals only have a small amount of blood, the injected volume could dangerously increase the amount of fluid in the animal’s body (normally a maximum increase in blood volume of 10% is used).16 The opposite problem arises when blood samples need to be taken. 
Because the animal is small, low doses of a certain bioactive substance can have an effect on the homeostasis, separate from the effect of the radiation and the increased blood volume. When for instance a certain receptor is targeted, the tracer occupies the receptor. However, if receptor occupancy exceeds a certain level this can influence the homeostasis of the system that is examined. This will then interfere with the results in an uncontrollable way.26         
Whichever approach is chosen for animal preparation, it is paramount to keep the circumstances equal for all animals and between imaging sessions.13

Radioligands for SPECT research
Radioligands are the basis of SPECT imaging. Table 1 shows a selection of modern SPECT radioligands used in animal brain research that is complementary to the table of SPECT tracers from Accorsi11 and catalogues of GE Healthcare.27 

Tracer	Measurement/Target
99m-Tc-HMPAO11, 28	Cerebral blood flow
123-I-FP-CIT29-35	Dopamine Transporter




123/125-I-2-Iodo-L-Phenylalanine42	L-type amino acid transporter system 1
123-I-2-Iodo-D-Phenylalanine43	L-type amino acid transporter system 1
123-I-IMPY44	Aβ plaques
123/125-I-2-Iodo-CP-118,95445	Acetylcholinesterase
99m-Tc-DPD34, 36	Bone metabolism (in the skull)














Autoradiography (ARG) is a method used to visualize radioisotopes bound to a target with radiation-sensitive film, screen or photoemulsion layer. It is a long established technique that can be used to image metabolic pathways, receptor distributions, and localization of enzymes or nucleic acids in cells using a radioactive substance. This information is valuable for explaining drug actions in the central nervous system, but also to gain basic knowledge on the healthy and the pathological brain. Important factors influencing the discernibility of a radiolabeled substance with ARG are density of the substance, radiation type and energy of the label, activity of the labelled compound, resolution related to tissue structure and the sensitivity of the detection medium.55 When using ARG it is important to work meticulously and pay attention to every detail, because this technique is prone to develop artefacts caused by its high sensitivity (especially during the stages of development and staining), which can result in misleading information.55, 56
ARG is a simple and quick technique that yields reproducible results, it has high spatial resolution (1uM in electron microscopy ARG, but 100 um in whole hemisphere ARG51, 57), and it is possible to study the direct effects of substances on brain systems.51  However, longitudinal studies are not possible, it is challenging to produce 3D images and high-affinity selective ligands with low non-specific binding are needed to achieve good results.
There are two different approaches in ARG; the radioactive substance can be administered before or after sacrificing the animal. Introducing a radioactive substance to the circulation of the animal prior to tissue removal is known as in vivo ARG while during in vitro ARG the radioactive substance is applied to tissue sections after sacrifice. There are pro’s and con’s to both in vivo and in vitro ARG, due to the inherent differences between both techniques.58 
When the radioactive substance is administered to the animal before sacrifice, the in vivo distribution of the substance will be shown. This is not the case when the substance is administered to one specific tissue after sacrifice, because the distribution of the substance will only be determined by the properties of the tissue itself because the cellular complexities and functional relationships between and within tissues that codetermine the in vivo distribution will be largely absent. Therefore in vivo ARG offers the most accurate image of the distribution of the substance in the whole body and in the organ(s) of interest and it should always be kept in mind that in vitro cells are never completely comparable to in vivo cells, even if they are part of a larger slice and kept under physiological conditions.51 
When the radioligand is administered in vivo it will be distributed to the areas of interest via the blood system. After the time needed for this distribution the animal is sacrificed and the brain is obtained at autopsy and dissected. 
Both during in vitro and in vivo ARG the tissue can be frozen and stored at -85ºC when it is not needed at the time or it can be fixed if it is researched immediately. However, it is always very important to reduce the period between death and freezing or fixation, because all kinds of processes and changes will take place in the brain after the death of the animal.51 When the tissue is frozen, this requires the tissue to be thawed before it can be imaged and this can influence the quality of the sample because of the fluids that occur during the thawing. Therefore it is important to work efficiently, because the processing of the tissue before the actual moment of imaging will influence the result (asphyxia, drug treatment, tissue handling, etc.).51 
When the distribution of several targets in the same tissue is of interest, in vitro ARG is able to use serial sections of one organ to label for several targets. Also, in vitro imaging can circumvent the blood brain barrier and offers better control of labelling conditions compared to in vivo imaging. In vivo ARG can image more than one ligand in the same tissue when these ligands are administered to the animal before sacrifice. If these ligands have labels that have sufficiently divergent half lives their signals can be distinguished by imaging the autoradiogram at different times and subtracting the signal given by the later images from the signal of the earlier images, to determine the relative contribution of each ligand to the earlier image, as shown by Picchio et al.59
Although the in vivo and in vitro techniques are quite different, there are challenges that need to be met in both cases. The first problem arises when the tissue needs to be sliced, because slices tend to have variation in their thickness and the tissue is prone to develop small ruptures and to get stretched during the slicing process. If a slice does not have the same thickness everywhere, there will be a problem during the quantification of the autoradiogram, because the signal will no longer only be dependent on the amount of tracer in the tissue (a thicker part of the slice will have a higher total amount of tracer than a thin part). If the tissue gets stretched this can also influence the quantification, because a stretched part of the tissue will be larger than its original size, which will reduce the amount of tracer per surface unit. Stretching and ruptures also make it hard to combine the information from all the slices into one 3D image, because it will take a lot of work to make them all fit together. Even when slices are in perfect condition, combining their information into a 3D image is a labour-intensive process. 
Another problem during quantification is that the relationship between grain- or optical density of the film or phosphor screen and radioactive content of tissues is not linear. To be able to quantify the autoradiographic data, autoradiographic standards that are related to the generated optical density are needed.60 Another challenge is the exposure time, which often needs to be determined empirically, since the concentration of the radioactive substance in the tissue is unknown and needs to be assessed through the experiment. Different exposure times will result in different datasets which is useful for the interpretation of data, especially when different densities are present in the same sample,56  since increasing the exposure time will increase the sensitivity. Using increased exposure times to increase sensitivity has become more feasible with the introduction of phosphor screens61, because the exposure time needed to make an autoradiogram with original film ARG could be several days, weeks or even months, while this will take less then a day for modern phosphor screen autoradiograms. However, the most sensitive detector in autoradiography is a coat of liquid photo-emulsion.62 
A third challenge is posed by sites of low capacity but high specificity for the compound, because their signal is weak and might be missed when the autoradiogram is analysed. Their signal is outshined by that of nearby high-capacity but low-specificity binding sites when the dose is too high and low-capacity sites become saturated.55, 56 
Imaging diffusible compounds requires extra care55, because  the freezing and thawing process can influence their distribution. This makes it hard to find an autoradiographic method that offers high resolution, expediency and convenience while still maintaining the authentic in vivo distribution for diffusible compounds.
Even though there are technical challenges inherent to ARG, when experiments are conducted carefully and with attention to detail, this technique offers high resolution (15 um resolution for (quantitative) receptor microARG63) and high sensitivity.56


Small animal SPECT of the brain
The brain is one of the hottest research topics of this moment. Pinhole SPECT has been used in this field of research and has proven its usefulness in multiple innovative research settings. An overview of these new research possibilities is given below.

Dynamic SPECT imaging
When a tracer is administered to an animal it will make its way through the body in a specific way. It will be distributed through the blood, it may be metabolized in the liver, then it will be taken up in certain tissues and eventually it will be cleared from the body by the liver and/or kidneys. The characteristics of this process depend on several factors, like the way of administration (intravenous versus intraperitoneal) and the physiological state of the animal (genetic modifications, anaesthesia). The blood brain barrier is an important issue in the nuclear imaging of the brain, because the radioactive tracers need to pass this barrier. The properties and binding specificity of the tracer determines in which parts of the brain the substance will accumulate and therefore what will be imaged.
To be able to visualize the timing and manner of distribution of a radioligand it is necessary to image the process over time. This has been recently done with pinhole SPECT for the dopamine system in mice.29, 64  The dopamine transporter (DAT) is implicated in several neurological and psychiatric diseases and can be imaged using [123I]FP-CIT. This transporter is also a target for cocaine and the interaction between this drug of abuse and DAT in the mouse brain was imaged using a multi pinhole SPECT system. The displacement of [123I]FP-CIT was used to image the effect of cocaine on DAT.29 Images were taken every 45 seconds and the spatial resolution was in the sub-millimetre range. This produced a 4D movie of DAT occupancy which clearly showed the mode of action of cocaine.29 Another important part of the dopamine system is the dopamine 2 receptor (D2R), which can be imaged with the radiotracer [123I]IBZM. The pharmacokinetics of this tracer were researched in mice using a single pinhole SPECT system.64 Fifty images of 12 seconds each were taken, with an interval of 12 minutes. The voxel size was 0.4 x 0.4 x 0.4 mm3. These measurements were used to determine the best dose and the best way of administration for [123I]IBZM in mice by measuring specific binding in the striatum.64 Amphetamine induced dopamine release was also measured with the single pinhole SPECT system and [123I]IBZM. Displacement of [123I]IBZM indicated the release of endogenous dopamine and was imaged for thirty seconds every twelve minutes. The voxel size was 0.4 x 0.4 x 0.4 mm3 and the displacement could be seen clearly.64
Pinhole SPECT appears to be a good technique to measure the pharmacokinetics of tracers and to measure the effect of drugs on receptors. Information about the distribution of a tracer after injection can help to determine the best moment for sacrificing animals in ARG research. The information about the mode of action of drugs will help our understanding of the effects of these drugs on healthy and diseased brain tissue.

Longitudinal studies
Longitudinal SPECT studies over time can be performed within the time span of a single imaging session or divided over multiple imaging sessions in the same animal. Because each animal acts as its own control this is a robust technique for measuring changes in brain processes. If the same group of animals can be followed in time there is no group difference, which increases the statistical power of the acquired data and reduces the needed sample size. Because only one group of animals is needed for the entire research protocol, instead of one group per point in time, animals are saved. This approach is not possible for ARG studies, because each animal needs to be sacrificed before imaging and therefore can not act as its own control.
The effect of group difference on the statistical reliability of the data will be larger when the effect size is smaller. To illustrate the effect of these factors on the number of animals needed for statistical significance, table 2 shows the number of animals needed under different circumstances. 


































As can be seen, both increasing group difference and decreasing effect size will increase the number of animals needed. There is an interaction between the group difference and the effect size on the number of animals needed. This interaction is depicted in figure 2. It is clear that a larger effect size reduces the influence of group difference.
SPECT needs less animals then ARG for the same kind of study, especially if the effect size is small. This is desirable because of ethical considerations in animal research and because some kinds of genetically modified animals are expensive and hard to come by and thus need to be used optimally. 
Two major reasons for the difference in the amount of animals needed for both techniques are the fact that SPECT only needs one group of animals for the complete study instead of multiple groups (if only two points in time are measured this will already reduce the amount of animals needed by half). The second reason is the increased statistical power when the same group is used, because group difference is less when animals are their own controls then when several groups are compared. This increased statistical power will reduce the needed sample size further.     

Multiple Isotope Imaging
SPECT allows in vivo multi isotope imaging, as has been shown in previous research.65-67 Radioligands which are labelled with different radioisotopes will emit γ-rays of different energies, which allows differentiation of their signals by SPECT. The ability to image multiple physiological processes at the same time can be very useful when an interaction between processes is researched. The biggest obstacle is the need for high-energy-resolution detectors.

Drug Development
The development of new drugs is a paramount aim of medical research. This is also true for the area of brain research. During the development of drugs two important parts of the new drug need to be investigated: the effectiveness and the safety/side effects on short and long term. These features of the new drug are determined by the mode of action of the substance and its interaction with the body. Animal models of human diseases are indispensable in this research because a screening of all possible new drugs is necessary before they can be tested on human subjects. 
SPECT is able to image the distribution of substances in the brain of mice over time, to find early and long term effects of a treatment, to discover the mode of action of a drug and to image the interaction between several physiologic processes. There are relatively few animals needed for SPECT research. These are all very useful features for preclinical research of new substances in the brain. 

Autoradiography of the brain
ARG uses radioligands for imaging and different radioligands can be used to image different receptors or transporters in the brain. Especially (quantitative) receptor microautoradiography has been able to contribute to brain research.68-71 Both localization studies and functional studies have profited from autoradiographic techniques.55 
Whole body ARG, is suitable to provide an overview of high-capacity/low-specificity sites of the substance of interest in the brain or other organs.55 Imaging receptors through the binding of radiolabeled ligands is an indirect method and it should be kept in mind that the optimal binding conditions for an endogenous substance can differ from those of a pharmacological analog.62 
Dumont et al.68 have used quantitative receptor autoradiography to investigate the pharmacological responses and radioligand profile of neuropeptides of the natriuretic peptide, neuropeptide Y and calcitonin families. To determine the functional relevance of these neuropeptides, in vitro and in vivo receptor ARG assays using selective agonists and antagonists were used. To distinguish the functional relevance of each specific receptor subtype, highly selective agonists and antagonist are needed, and to determine their discrete distribution and binding properties, the development of selective radiolabeled molecules is important. Further research in this direction will be helpful to assess the biological and pathophysiological properties of these peptides in the brain.68
The distribution of receptors in the cortex is a unique research topic because the lamination of the cortex needs to be taken into consideration. Eickhoff et al.70 have developed an analysis method to determine the concentration of different receptors in the cerebral cortex using quantitative receptor autoradiography. The analysis is comprised of two parts; both the mean concentration of a receptor in an area and the distribution of this receptor over the different cortical layers are determined. The problem posed by the folding of the human cortex is less important in small animal research because the cortex of rodent shows almost no folds compared to the human cortex, which makes this form of ARG suitable for small animal research.
The ligand [35S]GTPγS is used to investigate the localization but also the activation of G protein coupled receptors (GPCR).72 The activation of the GPCR by an agonist and the localization of the activated receptors can both be visualized and the different actions of agonists, antagonists and inverse agonists on the receptor can all be distinguished. This ligand can give information about GPCR distribution, ligand binding properties or the effects of a disease or a drug on the activity of the GPCR and therefore has an important role in ARG of the brain.
Hohmann et al.69 investigated the trafficking of cannabinoid 1 (CB1) and 2 (CB2) receptors through axons of dorsal root ganglia using in vitro receptor binding and high-resolution emulsion ARG. CB1 and CB2 receptors are important for antinociception for both acute and persistent pain.71 By tight ligation of the sciatic nerve the flow of cannabinoid receptors was dammed and the densities of these receptors distal and proximal to the ligation were determined using ARG. This showed that sciatic nerve axonal transport of cannabinoid receptors to the periphery was occluded by the ligation. Together with data from in situ hybridization it was shown that both CB1 and CB2 receptors are synthesized in dorsal root ganglia and thereafter inserted in the terminals at the periphery. This shows that ARG can be used to determine the motility of receptors in neurons.  
Quantitative receptor microradiography offers high enough resolution and sensitivity to give unique information for determining mechanisms of action, modeling, prediction of effects and toxicity of new potential drugs and other exogenous or endogenous substances in the brain. The concentration of one or more substance(s) or receptor(s) of interest can be determined very accurately in different tissues and over different experimental condition. Tritium labeled compounds give the best results because they offer both high resolution and high specific activity.55
Today ARG is often used together with in situ hybridization. This form of ARG is a variation in the in vitro ARG, in this case a radioactive labeled oligonucleotide is added to the tissue, which will bind to a specific gene so it can be imaged.73 Both DNA and RNA can be imaged, resp. providing information about gene expression and gene transcription. In neuroscience this can be used to image the expression and transcription of genes controlling receptors or other proteins in neurons.  
Table 3 shows a selection of the radioligands used in ARG of the brain.
This table complements the table from Langstrom et al.51

Radioligand	Measurement/Target
35-S-GTPγS and GPCR ligand72, 74-76	G Protein Coupled Receptor (GPCR) activity
14-C-Iodoantipyrine77	Cerebral blood flow

















125-I-NMU-2353	Neuromedin 1 and 2 Receptors
123-I-FP-CIT29-35	Dopamine Transporter
123-I-IBZM31, 32, 36-38	Dopamine 2 Receptor
123-I-β-CIT39	5-HT Transporter
123-I-ADAM40	5-HT Transporter
123/125-I-2-Iodo-L-Phenylalanine42	L-type amino acid transporter system 1










Overview of the comparison between SPECT and ARG
Table 4 shows an overview of the strengths and weaknesses of SPECT and ARG. 
SPECT Pro	ARG Con
Dynamic (4D) and longitudinal studiesInherent 3D	3D images time-consumingInherent 2D
Real time imaging	Real time imaging not possible
Intact, living brain is imaged	Effects sectioning tissue on slide quality
Multiple isotope imaging	Treatment with different substances possible on serial slides, but not the same slide
Animal is imaged alive	Changes between death of the animal and imaging
Low sample size when animal is its own control	High sample size because an animal can never be its own control





Max spatial resolution 15 umSpatial resolution half hemisphere ARG 100 um	Max spatial resolution 350 um*
High sensitivity, dependent on exposure time	Max sensitivity 0.18%10
Direct manipulation of brain systems	No direct manipulation of brain systems
Circumvention blood-brain barrier (in vitro ARG)	Blood-brain barrier only circumvented with intracranial injection






Spatial resolution is one of the most important differences between SPECT and ARG. In figure 3 the impact of the difference in spatial resolution on image quality is visualized using images of a phantom mouse brain. The two top images represent ARG pictures with a spatial resolution of 100 um (based on half hemisphere ARG, which is most comparable to SPECT images because it provides information about the overall distribution of receptors in the brain), the two images at the bottom represent SPECT pictures with a spatial resolution of 350 um (based on the best current resolution of small animal SPECT). Even though the ARG pictures only have a 3.5 times higher spatial resolution then the 
SPECT pictures, the effect is striking. This effect will be stronger when ARG techniques with an even higher spatial resolution are used, which can be up to 350 times higher then SPECT. 
Another important difference between both techniques is their sensitivity. At this moment the highest possible sensitivity of SPECT is 0.18%10 while the sensitivity of ARG can be increased by increasing the exposure time. So ARG offers both higher spatial resolution and higher sensitivity when compared to SPECT.
One of the benefits offered by SPECT is the inherent 3D quality and the possibility to make movies (4D imaging).  Although ARG can be used to make 3D images, this is not inherent to the technique and it is a difficult and time consuming process to yield 3D images from the 2D images produced by ARG. Unavoidable artifacts caused by the cutting process, like tears or shifts in the tissue, make the work very labor intensive and reduce the quality of the 3D image. 4D imaging is not possible with ARG and the technique is not suitable for real time imaging, in contrast to SPECT. SPECT offers the possibility to make real time movies of the whole brain of a living animal and even to repeat the measurements on the same animal at a later point in time. The fact that an animal can be imaged several times makes it possible to use the animal as its own control, which needs fewer animals to reach statistical significance then the comparison of two different animals. 
Although SPECT offers strengths, there are weaknesses as well. As mentioned, the spatial resolution and the sensitivity are much lower than those of ARG, which is a big deficit. Next to these technical limitations, sedation poses another limitation since it is needed fir the imaging of living animals. Sedatives influence the processes in the brain and can have an unpredictable impact on the results of the experiment, they can influence the homeostasis of the brain, they can have an effect on the disease process or they could interact with other substances being introduced into the animal during the experiment. Therefore these sedatives limit the power of SPECT. 
When substances that act on the brain are introduced into the animal outside the central nervous system, the blood brain barrier needs to be crossed before the substance can arrive at its active site, which poses a problem for both SPECT and in vivo ARG. The physical properties of the substance will determine whether and how effectively the substance can pass the blood brain barrier. The blood brain barrier can be circumvented by injecting the substance directly into the central nervous system at the level of the spinal cord or the brain. However, this is more difficult and requires more skill and precision then an injection into for instance the peritoneal cavity.    
Although the imaging of living animals is challenging, it holds the potential to deliver valuable results firstly because the data will closely resemble the physiological conditions within the animal during the development of a disease or the action of a substance. This is not necessarily the case when an animal is sacrificed and the tissue is removed because the conditions within the tissue will change in an unpredictable way. A second advantage is the possibility to image several radioactive substances at the same time in the same tissue using SPECT, which provides information about the direct and indirect ways these substances influence each others function. The slides of ARG can only be treated with one substance per slide, impeding the imaging of interactions between substances. Finally, in vivo animal research is more easily translated to human research than in vitro research, because of the low availability of human brain tissue. 
A comparison between SPECT and ARG is useful when an informed decision about the use of these techniques in small animal research needs to be made, because both techniques offer benefits and limits to researchers. A considered decision can be made weighing the most important differences between both techniques: the need for high spatial resolution, sensitivity, 3D vs. 4D imaging and in vivo imaging. Another option is to use both techniques to complement each other. 
The role of positron emission tomography in the field of animal brain research compared to SPECT and ARG is outside of the scope of this article, but has been discussed elsewhere.26, 57, 84, 85
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Figure 1. The technique of pinhole imaging. 
Reproduced with permission of Prof. F. Beekman.4

Table 1. An selection of radiotracers and their use in animal SPECT brain research.

Table 2. The effect of group difference and effect size on the number of animals needed for adequate statistical power.

Figure 2. The interaction between group difference and expected effect of treatment on the needed sample size to reach statistical significance.
The colors represent group differences of 1, 10, 25 and 40%.
The interaction is represented as a percentual contribution of each group difference-group to the total amount of animals for each treatment effect-group. 
When the expected effect is larger, the effect of difference between groups on needed sample size is reduced because the percentual contribution of each group to the total amount gets closer to 25%

Table 3. A selection of radiotracers and their use in animal autoradiographic brain research.


Figure 3. Trans-axial and sagittal slices from a phantom mouse brain2. The upper images have a 100 x 100 μm2 spatial resolution representing half hemisphere ARG; the lower images have a spatial resolution of 350 x 350 μm2 representing SPECT 3

Table 4. An overview of the amenities and drawbacks of SPECT and ARG.

*In the future max resolution for mouse SPECT will reach 200 um, but it will be challenging to develop small animal SPECT with a spatial resolution under 200 um.1





